Invasive pest species pose a major threat to agricultural production around the world. Until recently, the Russian wheat aphid, Diuraphis noxia Kurdjumov, a major pest of wheat and barley crops worldwide, was considered a high-priority exotic pest threat to the Australian grains industry. Here, we document the initial detection and establishment of D. noxia in Australia in 2016. These are the first records for this genus from South Australia, Victoria and New South Wales. Morphological and molecular information is presented for confirmed diagnosis of the species based on voucher specimens. Known distribution data are provided, along with a list of Poaceae hosts on which D. noxia has been recorded, and a brief description of the typical damage symptoms caused by these aphids. The potential impact of this aphid on Australian cereal production is discussed, and we identify research areas required to underpin future management of this new threat to the Australian cereal industry.
INTRODUCTION
Globalisation and connectedness via world trade have increased threats from non-indigenous species arriving in countries in which they did not previously exist, yet have suitable habitat for that species (Paini et al. 2016) . Invasiveness refers to the ability of organism to colonise a large area rapidly and thus implicitly considers both its establishment success and its rate of spread (Colautti & MacIsaac 2004) . Invasive species considered to be agricultural pests, including diseases, plants and invertebrates, along with climate change, pose the biggest threats to biodiversity, both in agricultural and natural ecosystems (Deutsch et al. 2008) . Invasive pests reduce yields, increase control costs and reliance on pesticides that then disrupt existing integrated pest management (IPM) systems (Ragsdale et al. 2011) .
The Australian grains industry is at risk from a number of high-priority non-indigenous pests, some of which have been listed as Emergency Plant Pests as defined in the Emergency Plant Pest Response Deed, Plant Health Australia (PHA, n.d.; Industry Biosecurity Plan for the Grains Industry 2012). The Russian wheat aphid (RWA), Diuraphis noxia Kurdjumov 1913, is listed under that deed and is considered among six main pests of cereal crops for investment in pre-breeding of Australian cultivars (White et al. 2016) . Considered a major pest of cereals worldwide, D. noxia is native to central Asia, Middle East and southern Russia, spreading throughout Europe, Africa including South Africa (1978) (Walters et al. 1980) and Kenya (1995) , America including Mexico (1980) (Gilchrist et al. 1984) , United States (1986) (Stoetzel 1987) , Canada (1998) (Kindler & Springer 1989) , Chile (1988) and Argentina (1992) (Ortego & Delfino 1994) .
Climate suitability is a major determinant of the likely establishment success, spread and pest status of invasive plants and animals. In 1985, a CLIMEX model was used to project the favourableness of the Australian environment for D. noxia (Sutherst & Maywald 1985) . Projections indicate the Australian environment is highly suitable for D. noxia, even more so than South Africa and the United States where populations established rapidly ( Fig. 1) (Hughes & Maywald 1990) . Given the threat D. noxia poses to the Australian cereal industry, government agencies have implemented preparations for the potential arrival of this pest, including comprehensive literature reviews (Hughes 1988) , preliminary pre-breeding for resistance in crop lines and development of a threat specific contingency plan (Industry Biosecurity Plan for the Grains Industry 2012).
Diuraphis noxia has a wide known host range including plants from 43 genera and more than 140 species of cultivated and wild grasses (Poaceae). Wheat and barley are important hosts; however, many other hosts are important in sustaining the aphid populations during non-cropping periods when primary crop hosts are not available (Hughes & Maywald 1990) .
Plant damage is caused through the injection of enzymes from the saliva of D. noxia into the plant tissue (Smith et al. 2004; Edwards et al. 2008) , leading to interference with normal chloroplast function (Hughes et al. 1994; Elberson & Johnson 1995; Qureshi & Michaud 2005; Elliott et al. 2007; Jimoh et al. 2011; Valdez et al. 2012 ) and associated carbon fluctuation *maryam.yazdani@adelaide.edu.au Fig. 1 . Map indicating climate suitability for Diuraphis noxia predicted using a CLIMEX model using parameters based on the original work of Hughes and Maywald (1990) with adjustments made by Sutherst et al. (2007) . The Ecoclimatic Index (0-100) indicates annual suitability ranging from unfavourable (0, grey) to highly favourable (100, red) climatic conditions. [Color figure can be viewed at wileyonlinelibrary.com] First detection of Diuraphis noxia from Australia 411 causing leaf rolling (Hughes et al. 1994) , chlorotic streaking (Hughes & Maywald 1990; Goggin 2007) , and stunted plants.
The damage results in a reduction of yield, and in cases of extreme infestation, death of the entire plant (Elliott et al. 2007; Botha et al. 2010 ). Although streaking from the feeding damage resembles symptoms of plant viruses, D. noxia is a poor plant virus vector (Hewitt et al. 1984; Summers et al. 1990; Halbert et al. 1994) . Qureshi and Michaud (2005) claim that D. noxia is a vector for viruses; however, other researchers found no evidence for significant transmission or yield impact (Elberson & Johnson 1995; Botha et al. 2010; Jimoh et al. 2011) . For D. noxia, the greatest yield losses are caused by direct feeding damage, unlike most other cereal aphid pests where the greatest yield losses are commonly associated with the transmission of plant viruses, such as barley yellow dwarf virus (Luteoviridae) (Valenzuela and Hoffman 2015) . In association with dry conditions, early infestations of barley and wheat crops by large populations of D. noxia in South Africa and the United States were directly responsible for yield losses of up to 100% and 80%, respectively (Hughes & Maywald 1990) .
The objective of this paper is to document the initial detection (May 2016) and known distribution of D. noxia in Australia and the range of host plants on which it has been found to date.
MATERIALS AND METHODS

Diagnostics
Aphid specimens were hand collected or trapped in suction traps (prototype suction traps devised of a 240 V powered domestic exhaust fan mounted below a 30 cm diameter tube standing 1.5 m tall) and preserved in either 70% or 100% ethanol to be used for morphological or molecular identification. Specimens of apterae, alatae and late instar nymphs were slide-mounted (Blackman & Eastop 2000) for morphological identification and morphometric analysis, and for permanent storage in reference collections. All specimens considered in this paper have been deposited in the Waite Insect and Nematode Collection (WINC), Waite Campus University of Adelaide or Victorian Agricultural Insect Collection (VAIC), Agriculture Victoria, AgriBio, Bundoora, Victoria.
Morphological identification
Confirmatory species identification was carried out following a national diagnostic protocol on D. noxia (Subcommittee on Plant Health Diagnostics 2015; Blackman & Eastop 2000). Aphid specimens collected from Beaufort wheat, sown in late March 2016 at Tarlee SA, were used for the initial morphological identification.
Diuraphis noxia is relatively easy to distinguish from other cereal and grass aphids currently in Australia owing to its conspicuously developed supracaudal process (Fig. 2b) . The species can be readily identified based on the combination of the following characters (Fig. 2) .
Diuraphis noxia is yellowish green to grey green with a spindle shaped body of between 1.3 and 2.5 mm in length that is usually covered in a waxy white powder (Fig. 2a) . The antennae are six-segmented, the basal and terminal process measuring 2-2.2 times longer than the base of the last antennal segment (Fig. 2c,d ). Apterous adults have no secondary sensoria on the third antennal segment whereas alatae have 4-8 on the third antennal segment and 1-3 on the fourth. Antennal and body hairs are fine and inconspicuous. The last rostral segment is 0.080-0.084 mm long. Siphunculi (cornicles) are pale and very short (0.3-0.5 mm), as wide as they are long and almost inconspicuous (Fig. 2b) . The cauda is elongated with 4-6 lateral setae (Fig. 2b) . The supracaudal process is present on the dorsum of the eighth abdominal tergite (Fig. 2a,b) . The supracaudal process is large and conspicuous in apterae but a shorter knob in alatae. Alate adults are pale but often have a slightly darker green abdomen than aptera and are between 1.3 and 1.9 mm in length. The eyes and distal third of antennae are dark, the head and thorax having dark patches.
Molecular diagnosis
The DNA was extracted from a pooled sample of three adult aphids that had been collected at Tarlee, South Australia, May 2016. Insects were ground with pestle and mortar, both bleach cleaned, under liquid nitrogen followed by extraction using the DNeasy® Blood and Tissue Kit (QIAGEN) according to the manufacturer's instructions. Extracted gDNA was quantified using a Qubit 3.0 Fluorometer (Thermo Fisher Scientific) with the High Sensitivity dsDNA Assay Kit (Thermo Fisher Scientific).
Amplification of the COI region was carried out using primers described in Table 1 and TaKaRa HS Taq (Clontech) as per product specification. Specifically, 1 μl of gDNA (0.22-2.1 ng) was amplified using 0.635 U TaKaRa Taq HS (5 U/ul); 1 × PCR buffer; 0.2 mM each dNTP; 0.4 μM primers. PCR cycle parameters were 98°C for 3 min, followed by 40 cycles of 98°C for 10 s; 40°C (Lep primers) or 48°C (RWA primers) for 30 s; 72°C for 1 min or 35 cycles (C1 primers) of 98°C for 10 s; 50°C for 30 s; 72°C for 1 min, followed by a final extension of 72°C for 5 min. PCR products were visualised on 1.5% Agarose gel using GelGreen (Biotium), purified using GFX Illustra DNA purification kit (GE Healthcare) and Sanger sequencing performed (AGRF Adelaide) using the sequencespecific primers described in Table 1 . Bi-directional reads for each of the three primer pairs were aligned using ClustalW in BioEdit (Hall 1999 ) and ambiguities corrected using sequence chromatograms. Six hundred and sixty-eight base pairs of high-quality sequence were obtained using the Lep and C1 primer sets, and an additional 173 BP obtained upstream using the RWA primer pair. Sequences were then matched against sequences in GenBank using the BLASTN algorithm.
Surveillance and tracing
Samples were initially collected from field locations over a representative area of the infected crop to determine the pest distribution, with coordinates plotted using a handheld GPS (WGS 84) co-ordinate system and crop meta-data including date sown, insecticides applied and cultivar collected. Samples were collected directly from plants showing symptoms (as described in the Introduction section). The initial surveys, which were undertaken by trained technical staff over an area within several kilometres surrounding the first detection paddock, were conducted to delimit the extent of the outbreak in South Australia. However, due to the large extent of preliminary detection, other personnel within the industry were widely engaged to collect and submit samples for diagnosis. The provision of aphid samples from agronomists and farmers has been the basis of determining the extent of D. noxia in Australia since June 2016, when authorities declared the non-indigenous species non-eradicable.
RESULTS
First records of RWA from Australia
A digital image was submitted for identification to the South Australian Research and Development Institute (SARDI) by a local agronomist. On receipt of the image, a field sample was requested. The first suspected D. noxia sample was submitted to the SARDI Entomology Unit of SARDI on 19 May 2016 for identification. Preliminary diagnosis (see Results: Diagnostics section) was followed up with direct sampling of the infested paddock at Tarlee (À34.306°, 138.756°) on 19 May by SARDI entomologists. Three adjacent paddocks spanning an area of 1.5 to 2 km were surveyed. Suspect RWA including alatae were present in substantial densities in two of these paddocks and a single infested wheat plant was found in a third paddock. Aphid samples were collected into 100% ethanol to allow morphological identifications and DNA-based assays. The collected samples from Tarlee were sent to the centre for AgriBioscience, Agriculture Victoria (DEDJTR), Bundoora, for independent morphological and DNA diagnostics on the suspect aphids for confirmation of the identity of the non-indigenous species.
Diagnostics
The consensus sequence created through alignment of bi-directional reads (Genbank accession KY788347) was compared to the closest BLASTN hit within the NCBI database, D. noxia mitochondrion, complete genome (Genbank accession KF636758.1). The amplified regions were 100% identical to the corresponding D. noxia COI regions in the database, covering a total of 841 BP of the COI gene.
Surveillance and tracing
Between May and September 2016, RWA was collected and identification confirmed from a total of 141 locations in South September 2016 is given in Figure 3 . Since delimiting ceased on the Australian mainland, RWA was first detected in Tasmania in January 2017. It is speculated to have arrived naturally on northerly airflows from the Australian mainland and is known to occur at Cressy, Prospect and Nile in northern Tasmania (Biosecurity Tasmania 2017).
DISCUSSION
Aphids are heavily represented in the invasive fauna lists of many countries. Including this new record, the known Australian aphid fauna contains 146 introduced species and 15 native species (Brumley & Watson 2016) . This relates in part to their mode of asexual reproduction, which means that the arrival of one individual can establish a new colony with thousands of clonal descendants. Aphids can be readily transported by importation of host plant materials, and once introduced and a founder population has established, human commerce and other activities, and wind-assisted migration of winged forms further disperse the successful colonisers as occurred in the Americas (Stoetzel 1987) . Worldwide there are 11 common cereal aphid species, of which five are now found in Australia; (Rhopalosiphum padi (L.), Rhopalosiphum maidis (Fitch), Metopolophium dirhodum (Walker), Uroleucon erigeronense (Thomas) and D. noxia). To establish the geographic origin of the D. noxia incursion in Australia, the genetic background of the founding population (Ross et al. 2003 (Ross et al. , 2007 Ross & Shoemaker 2008) , the dispersal pattern (Goodisman et al. 2001 ) and the invasion pathway throughout its introduced range (Bonizzoni et al. 2004) need to be investigated. This will improve our ability to predict invasive processes and impacts that may result, as well as the future distribution of nonindigenous aphid species that continue to 'invade' Australia (Zhang et al. 2012) .
Since its initial detection, D. noxia was quickly determined to have a relatively widespread distribution in south eastern Australia. To date, only female D. noxia have been recorded, with both alate and apterous observed throughout the winter. Unlike other cereal aphids in Australia, this observation suggests this successful cereal aphid species can undertake frequent movement and have a propensity to migrate over long distances thus are able to rapidly colonise cereal crops (Loxdale et al. 1993) . This dispersal ability would suggest this species, already well established, will rapidly expand its Australian distribution on prevailing air currents, as suggested by more recent observations in Tasmania. However, to determine the initial time of incursion in Australia and the rate of spread requires further understanding of the biotype/s present to determine source, which is currently being determined. The widespread distribution of initial detection further precludes speculation on movement due to air currents.
A recent investigation of population dynamic, demographic history and pathway of invasion of the D. noxia from its native range to South Africa and the Americas has provided valuable insights into the factors that may have facilitated the recent global invasion by D. noxia. They concluded that only one 
Hordeum vulgare L. invasion event resulted in the colonisation of South Africa and the New World, the likely result of a single, accidental introduction (Zhang et al. 2014) .
Initial levels of damage observed in Australia, during an unseasonably wet year (decile 10), do not match those reported from South Africa (Hughes & Maywald 1990 ) and the USA (Smith et al. 2004; Valdez et al. 2012) when D. noxia first occurred in those countries. The level of damage in Argentina was relatively low (Clua et al. 2004) . Results from the climatic simulation project conditions in Australia were at least as favourable as those of South Africa and well above the majority of the United States' levels of favourableness, with heavier infestations associated with drier environmental conditions (Archer et al. 1995; Hughes & Maywald 1990) .
To limit economic impacts, research to validate international results on effective aphidicides and damage thresholds has been undertaken by the Australian grains industry. Research has been initiated on management options successfully used overseas including resistant cereal cultivars and biological control. There are several key species of parasitoids in Australia which are known to target D. noxia overseas (Waterhouse & Sands 2001) , and substantial levels of field parasitism of D. noxia have been observed in Australia during 2016 (Heddle & Van Helden 2016) . Development of an integrated pest management strategy requires ecological studies to determine the importance of summer non-crop refuges, and movement to and from these 'green bridges'.
In the long term, the deployment of resistant crop cultivars has proven a successful management strategy in other parts of the world, and a substantial body of research exists in this area (Webster et al. 1987; Al-Ayied 2004; Lage & Skovmand 2004; Smith et al. 2004; Basky 2004) . Planting resistant wheat cultivars is a key component of RWA management. Since 2003, eight biotypes of RWA have been discovered in the United States. Biotypes are identified by the distinct feeding damage responses they produce on wheat carrying different RWA resistance genes, namely, from Dn1 to Dn9 (Puterka et al. 2014) ; however, all crops may not be resistant to all biotypes (Puterka et al. 2006) . This highlights the necessity of trials to identify the existing biotypes in Australia and to identify the cultivars resistant to the biotype(s) present in Australia. 
